(Received 2 June 2016; accepted 6 July 2016; published online 14 July 2016) We present a comprehensive study of the emission spectra and electrical characteristics of InGaN/GaN multi-quantum well light-emitting diode (LED) structures under resonant optical pumping and varying electrical bias. A 5 quantum well LED with a thin well (1.5 nm) and a relatively thick barrier (6.6 nm) shows strong bias-dependent properties in the emission spectra, poor photovoltaic carrier escape under forward bias and an increase in effective resistance when compared with a 10 quantum well LED with a thin (4 nm) barrier. These properties are due to a strong piezoelectric field in the well and associated reduced field in the thicker barrier. We compare the voltage ideality factors for the LEDs under electrical injection, light emission with current, photovoltaic mode (PV) and photoluminescence (PL) emission. The PV and PL methods provide similar values for the ideality which are lower than for the resistance-limited electrical method. Under optical pumping the presence of an n-type InGaN underlayer in a commercial LED sample is shown to act as a second photovoltaic source reducing the photovoltage and the extracted ideality factor to less than 1. The use of photovoltaic measurements together with bias-dependent spectrally resolved luminescence is a powerful method to provide valuable insights into the dynamics of GaN LEDs. C 
I. INTRODUCTION
InGaN-based light-emitting diodes (LEDs) have reached wall-plug efficiencies in excess of 80% 1 making these devices strong candidates for general illumination. Nevertheless, there are several challenges still to overcome such as the sub-linear increase of the light output at high current densities, known as 'droop' [2] [3] [4] and the lack of efficient devices with wavelengths in the 530 nm -630 nm range, known as the 'green gap'. 5, 6 Addressing these challenges requires unambiguous identification of the different underlying mechanisms of current transport and recombination in LEDs which are grown under different conditions and can result in varying alloy fluctuations, interface qualities and doping profiles for nominally identical structures. Thus effective characterization methods are required to study the devices.
In this paper, we have used resonant optical pumping of the InGaN/GaN multi-quantum well (MQW) region on operational LEDs under different pump powers and bias conditions and measured the emission spectra and current -voltage characteristics. This allows the study of varying the carrier generation on the device characteristics: Electrical forward biasing of an LED moves holes and a silvino.presa@tyndall.ie electrons from the p and n-sides of the junction respectively which enter the MQWs and recombine. The electron and hole densities in the individual quantum wells (QWs) will not necessarily be uniform. 7 In the case of resonant optical excitation of the QWs, the carrier generation is uniform but they re-distribute via voltage dependent transport and recombination processes. The effect of the polarization field in the QWs on the properties of LEDs has been well analyzed in several studies 8, 9 as has the effect of varying the relative thickness of the wells and barriers. 10 Here we characterize two LED structures with 5x and 10x 1.5 nm thick QWs and quantum barriers (QBs) of 6.6 nm & 4 nm respectively, along with a commercial wafer material. The decrease of the QB thickness in the 10QW sample increases the polarization field in the barrier and reduces the field in the QW. On the other hand, the 5QW has a stronger field in the QW and a weaker field in the thicker QB which results in a number of distinct electrical and optical properties. To further characterize the device we have measured the photovoltaic response which allows the comparison of the diode voltage ideality for different current and light output measurements. An extracted ideality >1 using light emission methods confirms a significant contribution of non-radiative recombination in the 5QW and 10QW samples.
The paper is organized as follows: section II describes the materials used and the LED devices fabricated. In section III we present the current-voltage and spectral characteristics of these devices under combined electrical and optical excitation. In section IV we extract diode ideality factors under different excitation and measurement conditions. We summarize and conclude in section V.
II. MATERIALS AND DEVICES
Two LED structures were grown by metal-organic chemical vapor phase deposition (MOCVD) on double-side polished low defect density templates from the same batch. These templates consist of a (0001) sapphire substrate followed by 3 µm of un-doped GaN and 1 µm of Si-doped n-GaN. The 5QW structure consisted of 5x 1.5 nm thick In 0.23 Ga 0.77 N QWs with 6.6 nm thick GaN QBs. The 10QW structure consisted of 10x 1.5 nm thick In 0.23 Ga 0.77 N QWs with 4 nm QBs. The QWs were grown using the quasi two-temperature (Q2T) method 11 where the InGaN QWs are grown at a temperature of 750
• C and the first few nanometers of the GaN barriers are grown at the same temperature. The temperature was then ramped to 900
• C to grow the remainder of the barrier. The 5QW (10QW) sample was capped with 110 nm (100 nm) of Mg-doped p-GaN. No electron blocking layer (EBL) or additional layers were grown. The actual thickness of these layers was confirmed using X-Ray diffraction. The wafers were grown in sequential runs with similar growth conditions. The expected emission wavelength of 470 nm was confirmed by photoluminescence (PL) measurements with full width at half maximum (FWHM) of around 25 nm. In addition to these samples we include a commercially sourced wafer from E Wave Corporation of unknown structure with similar wavelength emission around 465 nm to serve as a reference. The structure could be expected to contain an EBL and we measured the presence of a low In content InGaN layer under the QWs.
Substrate-emitting LEDs were formed by depositing 40 nm of Pd as an ohmic contact to the p-GaN in the form of disks with 100 µm diameter. Circular transmission length measurements (c-TLM) patterns were used to measure the contact properties. 12 Pd forms an ohmic contact as-deposited so no annealing was required. 13 The measured contact resistivity was ∼10 −3 Ω·cm 2 for all samples while the sheet resistance of the p-GaN layer was 370 kΩ/sq, 430 kΩ/sq and 200 kΩ/sq for the 5QW, 10QW and commercial sample, respectively. Mesas of 120 µm diameter were formed by dry etching using BCl 3 chemistry. Non-alloyed Ti/Al/Ti/Au (20/170/5/250 nm) was deposited on the exposed n-doped GaN as a common (ohmic) n-contact. the series resistance of the diode, n elec the electrical ideality factor, k the Boltzmann constant and T the absolute temperature. For V < 2.5 V there is an exponential rise in the current before additional voltage is dropped across resistive parts in the diode. The 5QW draws a factor of 10 less current for the same voltage when compared with the 10QW during the exponential rise (2.0 V to 2.5 V) despite having a thinner active region. The commercial sample draws least current below 2.5 V and more current above 2.8 V with a larger slope of the log J -V curve indicating a lower n elec . The ideality factor gives an insight about the underlying transport and recombination processes and is discussed later. The 5QW sample has a distinct decrease in the slope of the log J-V curve at around 2.6 V which is not present in devices from the other two samples. We plot the dynamic resistance, R dyn , of the devices in Fig. 1(b) as a function of J at 300 K and 400 K. We note the distinct shape of R dyn for the 5QW sample at 300 K (black continuous line in the plot) with a change in the rate of decrease at around 2 A/cm 2 . This distinct resistance change does not show when the sample is heated to 400 K (dotted black line).
III. CURRENT DENSITY -VOLTAGE AND PIEZOELECTRIC FIELDS
A difference in the thickness of the barriers impacts the balance of the piezoelectric fields between the quantum wells and barriers. The distribution of the voltage in a p-i (MQW)-n structure with a built-in voltage V bi and applied voltage V results in a relation between the piezoelectric fields in the QW (E w ) and QB (E b ) as: 10, 14, 15 
where L w is the thickness of each QW, L b the thickness of the QB, and N is the number of QWs. The fields in the QWs are opposite to those in the QBs. The field in the QW is 12% greater for the 5QW sample compared with the 10QW sample. The consequent weaker field in the QB of the 5QW sample together with its greater L b results in an overall combined confinement potential due to both the well and barrier ( Fig. 2(a) ) which can lead to a greater confinement of carriers, especially holes. As V is increased towards V bi the field across the barrier reduces further while additional carriers are injected. Figure 2 (b) shows the field profile for the 5QW at 2.6 V where up to four electron states are calculated which can lead to carrier trapping. Similar effects are calculated for the hole states. At higher temperatures the thermal energy allows carriers to escape this potential.
To gain further insight, we measure the emission spectra under electrical excitation and under combined electrical and resonant optical pumping with the setup sketched in Fig. 3 . Figure 4 shows the spectral emission under pure electrical and under combined optical and electrical excitation. The normalized spectra under electrical excitation from 2.6 V to 3.0 V with a step of 0.1 V are shown in the left column with the plots belonging to the 5QW, 10QW and commercial sample from top to bottom respectively. The spectra are modulated by the Fabry-Perot resonances due to the reflection from the GaN to sapphire interface. The right column in Fig. 4 shows the spectra with combined optical excitation. Here the LEDs were illuminated through the polished substrate using a 405 nm laser diode with a maximum light power output of 20 mW as the excitation source.
There is a double pass of the light from the partially reflective contact. The use of 405 nm assures that absorption is only in the QWs leading to uniform pumping of the QWs. These spectra were measured under an optical excitation of 200 W/cm 2 with an applied bias from -1.5 V to +1.5 V and a step of 0.5 V.
At low currents the polarization field in the QWs is enhanced because, under forward bias, the external electric field is in the same direction as the field in the QWs (Eq. (1b)). The increased field results in a red shift of the emission wavelength. At higher currents, the effect of the field can be screened by the increase in the carrier density in the QWs. This screening translates into a blue shift in the emission spectra. sample under increased electrical bias for the selected voltage range. This indicates an equilibrium between change of the polarization fields and the increase in the carrier density. This is in contrast to the 10QW and commercial samples which both show a relative increase in the intensity within the Fabry-Perot resonances at shorter wavelengths with increasing voltage (Fig. 4(c) , 4(e)). Thus, the increase in carrier density for both these samples is dominant over an increase of the field in the wells.
Under combined electrical and optical excitation the 5QW sample is distinguished by a strong suppression in the emission at longer wavelengths with reducing the electrical bias (Fig. 4(b) ). In addition, there is a reduction in intensity and FWHM. Emission at longer wavelengths originates from the electrons at the bottom of the QWs and the well is deepened (reduced in energy) in forward bias as the bias field is in the same direction as the piezoelectric field in the well. Therefore, a reduction in the external field in forward bias will affect mainly the emission at longer wavelengths. Under reverse bias the external field helps carriers to escape from the QWs reducing the carrier density, which results in the reduced emission intensity for all wavelengths.
The spectra from the 10QW sample under the same conditions ( Fig. 4(d) ) do not show any significant difference between the longer and shorter wavelength part of the spectra and the decrease of the intensity is due to the reduction of the carrier density. Under optical excitation the commercial sample shows an additional emission peak at 420 nm (Fig. 4(f) ) which is not affected by changes in the applied bias (not shown here). We believe that this is due to an n-doped InGaN layer (or superlattice) below the QW structure which is used in many commercial LEDs to improve the overall efficiency. 17 The absorption of the pump light by the InGaN underlayer provides an additional source of carriers (minority carrier holes) for the QWs which explains why, as the electrical bias is reduced, the reduction in the MQW emission intensity is much less than for the 5QW and 10QW samples. We note that there is a significant amount light emission for all samples, and especially the commercial one, at short circuit (V = 0 V). This indicates that not all the photogenerated carriers escape at this condition. The peak emission wavelength from these measurements is obtained by fitting a Gaussian function to the spectra. Figure 5(a) shows the peak wavelength with current under electrical excitation alone while Fig. 5(b) shows the peak wavelength with applied bias and optical excitation of 200 W/cm 2 . These plots highlight the distinctive properties of the 5QW sample: At very low current there is a slight blue shift due to the band-tail states of the QWs being filled with carriers before a red shift is measured. At high currents the effect of the piezoelectric field is screened and there is a blue shift again. This is in line with the larger polarization field in the QW of the 5QW sample. The 10QW and commercial samples show only a blue shift of the peak wavelength with increasing current indicating that the emission is dominated by the screening of the piezoelectric field by filling of the states in the QW. Figure 5 (b) shows that the change in the direction of the electric field (voltage bias) from opposite to the same direction of the piezoelectric field in the QWs causes a large red-shift in peak wavelength for the 5QW sample. This is also in agreement with the piezoelectric field being larger in this 5QW sample. The emission peak of the 10QW and commercial samples show a slight red-shift at high reverse bias where only a small amount of light is detected. This is due to the bottom of the QW starting to slope in the direction of the applied negative bias field. To help compare the plots from Fig. 4 and Fig. 5 the current density when 2.5 V is applied is indicated. The addition of the optical excitation shifts the emission peak to shorter wavelengths for all the devices which is explained by the increase in the carrier density in the wells under optical excitation.
5QW and 10QW samples with large contact area to allow measurement at low current densities, show broad yellow band (YB) emission (500 nm -600 nm) under both low forward bias electrical injection and under optical pumping. When the devices are reverse biased and optically pumped the emission from the QW is extinguished at -3 V while the YB emission remains constant but proportional to the pump power. 30 The YB is not present if the MQW region is etched away and illuminated by 405 nm light. This suggests that the YB origin is in the MQW region. We believe it is associated with traps in the QB particularly with the low-temperature grown region. Carbon -oxygen complexes with defect levels 0.75 eV above the valence band maximum have been recently shown to be the source of yellow emission in undoped GaN. 18 Such defects on the upper side of each quantum well would promote hole tunneling and thus explain the higher ideality factors measured with these samples.
IV. IDEALITY FACTOR
The electromotive force (qV) which causes the separation of the quasi-Fermi levels (QFLs) for electrons and holes in the active region of an LED drives current transport and light emission with -to a first approximation -a Boltzmann dependence of J, L ∼exp (qV/n ideal kT) where n ideal is
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AIP Advances 6, 075108 (2016) the ideality factor. It is tempting to extract the voltage dependent ideality factor n ideal (V) and use it to assign dominant underlying physical mechanisms for the transport or recombination at a given voltage. This is because the current due to diffusion in a p-n homojunction has an ideality of 1 whereas Shockley-Read-Hall (SRH) trap related recombination at the junction is maximized with an ideality of 2. Similarly, light emission L which depends on the product of the hole and electron densities, p × n, results in L∼exp qV/n light kT . This can only be attempted if the voltage measured is the QFL separation which fails in the presence of non-ohmic contacts or if resistance effects are present. For an LED the QFL separation is less than the bandgap voltage (2.64 V here) as a higher QFL indicates gain. Even then, a GaN LED is composed of many hetero-interfaces, with inbuilt piezoelectric fields and a high density of defects making it difficult to assign the ideality unambiguously to a particular process. Reference 19 has shown that the electrical ideality is reduced if the QBs are intentionally doped. Transport of carriers by tunneling can have a strong influence on the ideality factor 20, 21 and has been reported to lead to idealities which range from 3.5 up to 7. 22 However, we must distinguish between tunnel currents which result from carrier being transported directly across the junction as against tunnel currents which result in carriers entering the quantum wells. Nevertheless, a GaN homojunction p-n diode with near unity ideality has been recently demonstrated 23 while, with improving device quality, an InGaN LED with an electrical ideality factor of 1.1 has been shown. 24 The low ideality was revealed by minimizing the device resistance and was correlated with a better internal quantum efficiency in the LED. 24 Using current continuity an equivalent circuit for a GaN LED can be obtained. 25 The total current J, whether electrical or optically generated, can be presented as J = J rad + J nrad + J t + J leak + J Auger where J rad is the radiative recombination current component, J nrad is the non-radiative defect related recombination current, J t is tunneling current through the junction, J leak represents a carrier leakage current and J Auger is the current component related to Auger recombination. The Auger and carrier leakage terms are not significant at the low current densities investigated here.
Here, we make four different measurements of the ideality using electrical and combined electro-optic techniques. We first extract the voltage dependence of the electrical ideality factor n elect from the J-V measurements at 300 K (continuous lines) and 400 K (dotted lines) as shown in Fig. 6 . At 300 K the ideality factors for the 5QW and 10QW samples are close to 3.5 in the 1.6 -2.4 V range. Above 2.4 V the resistance associated with the small device area obscures the true ideality factor. These relatively high values suggests that a tunneling mechanism is involved in the current transport at 300 K. This also corresponds with the defect emission measured and the higher current drawn at these voltages compared with the commercial sample. For the commercial sample, n elect is close to 2 which could be associated with the current transport or SRH recombination in the intrinsic region. FIG. 6 . Electrical ideality factors against voltage using J-V measurements at 300 K (continuous line) and 400 K (dotted lines). The ideality factor for the 5QW and 10QW are temperature dependent.
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When the temperature is increased to 400 K, the minimum ideality factor of the 5QW is reduced to ∼2.5 while the 10QW is reduced to ∼2.8. The ideality factor of the commercial sample increases slightly from 2 and the voltage where the minimum occurs reduces by around 200 mV. A similar change happens with the 5QW and is due to the reduction of the bandgap with temperature. 26 We do not measure a change for the 10QW, though we cannot identify the position of the minimum ideality. The reduction in the ideality factor with the temperature is related to the contribution to carrier transport due to thermionic emission across the wells as the tunneling should be independent of temperature.
The light output can be approximated as L = Bnp = Bn 2 i exp qV/n light kT where B is the radiative recombination coefficient, n i the intrinsic carrier concentration and n light is the ideality factor for the radiative recombination current. This ideality factor is extracted from the slope of the log L-V curve so measurement of partial output power from the LEDs is sufficient. We present the light output density (Luminescence/Area) versus voltage characteristics of the LEDs on a semi-logarithmic scale in Fig. 7 . Similar levels of light are measured for both the 5QW and 10QW samples at a given voltage. As there is a larger current density driven by the 10QW sample at a given voltage ( Fig. 1(a) ) this indicates that there is greater non-radiative recombination in the 10QW device. The extracted values for n light are plotted in the inset of Fig. 7 with minimum values of ≈ 1.5, 1.8 and 1.1 for the 5QW, 10QW and the commercial sample, respectively. An n light of 1.1 as measured with the commercial sample is expected for radiative recombination with equal electron and hole densities. The origin of the higher n light for the 5QW and 10QW is due to non-radiative recombination in the QWs. The ideality of the 5QW increases at a lower voltage than the 10QW. We should note that the 5QW and 10QW samples have no EBL to prevent carriers being injected at lower bias. The higher light emission intensity at V < 2.35 V for the 5QW and 10QW samples as compared to the commercial sample could be useful for some purposes despite its low efficiency.
Using the resonant optical pumping set up shown in Fig. 3 we measure the I-V characteristic from each sample from -4 V to +2.75 V under different illumination intensities. Figure 8 shows the characteristics where black lines indicate the measurement without any illumination (J dark ) and the coloured lines indicate the measurements with increasing the laser output power from 33 to 200 W/cm 2 with a step of 8.3 W/cm 2 . Several observations can be made from these plots: At -4 V the 5QW and 10QW samples reach a saturation in the current collected indicating that all the photogenerated carriers in the QWs are extracted. While no quantum well emission is detected at this voltage, a weak yellow band emission is detected as discussed earlier. The measured photocurrent at reverse bias allows us to estimate the percentage of the light absorbed by these samples which is 5.6%, 12.5% for the 5QW, 10QW, respectively. This corresponds to absorption of 1.4% of the 405 nm light by each QW for the 5QW and 1.56% per QW for the 10QW sample. We should also note the effect of the partially reflective (60%) Pd contact, which allows a double pass of the light, which results in approximately 0.8-1% of the light from the laser being absorbed in each 1.5 nm thick QW per pass. For the commercial sample this analysis cannot be accurately performed due to additional absorption in the InGaN underlayer and the unknown number of wells. These measurements show the effect of the thicker barriers of the 5QW sample as compared with the 10QW sample. At high reverse bias both samples have their QWs depleted with the ratio between their photocurrents being slightly higher than the factor of 2 that would be expected based on the number of QWs. Between 0 V and 2 V where the photovoltaic effect dominates we measure a strong voltage dependence in the extraction of the photogenerated carriers. In comparison with the 10QW sample the 5QW photocurrent produced for V > 0 reduces significantly. By measuring the luminescence from the samples as a function of voltage it is seen that the missing photocurrent is translated into a corresponding increase in light emission. 30 This shows that the carriers are being increasingly trapped in the overall QW/QB region of the 5QW sample at certain voltages due to the thicker barrier resulting in deeper confinement. 27 The reduction of the inbuilt field by the photovoltage confines the carriers even more increasing the carrier dwell time and allowing recombination processes to dominate. The reduced confinement in the 10QW sample on the other hand permits better escape of the carriers to higher voltages. A similar dependence of carrier escape on ]ln(J sc /J 0 ) allowing a photovoltaic ideality factor n pv to be extracted from the measured log I sc -V OC curve. Figure 9 shows that this approximation holds for all samples despite the poor fill factor and the complex dynamics between these end points. Recall also from Fig. 4 that there is incomplete carrier escape at V = 0 V. The n pv values give information about the recombination and transport mechanisms that take place in the intrinsic region without external contribution from the p-or n-side of the junction. In Fig. 9 , the 5QW sample shows an increase in n pv with voltage from 2.1 to 2.9 indicating a transition between processes and an increased non-radiative recombination. For the 10QW sample, n pv is 2.7. This value is lower than n elec but n pv is measured at higher voltages. The commercial sample shows n pv of 1 and less at higher voltages. We suggest this lower value comes about from the absorbing n-type InGaN layer as a second photovoltaic source in series which acts to reduce the measured voltage and effectively reduce the extracted ideality. The pump light absorbed in this underlayer can also re-emit at 420 nm and subsequently be absorbed in the MQW which will also contribute to increased photovoltaic performance. Auger recombination can lead to an electrically ideality of 2/3 but that is not the case here.
The fourth method to extract a voltage ideality factor is to measure the photoluminescence intensity under resonant optical pumping while keeping the external current to be zero. 29 This should be a more accurate method to measure the recombination ideality as it does not rely on the radiation to be represented by J sc which is compromised by incomplete carrier extraction. With increased pump intensity, the PL increases exponentially with the generated V oc . Figure 10 shows the measured data where the extracted ideality n pl is indeed slightly lower than measured under the photovoltaic measurement. Again, the 5QW sample shows a change in the ideality around 2.4 V. The high values for n pl show that non-radiative recombination in the quantum wells is a significant factor in the 5QW and 10QW sample. As with the PV measurement the commercial sample show n pl < 1 which comes from diffusing holes created in the n-type InGaN recombining with electrons created in the MQW region enhancing the light emission at a given V oc .
The diode ideality factors extracted under different electrical and optical excitation and summarized in table I, can be used to explain the recombination and transport properties of the devices. The ideality extracted from the J-V measurements are consistently higher than those extracted from the optical measurements. This reflects the contribution of carrier transport outside the intrinsic region of the diode. The J-V measurement is also limited by the resistance of the small area diodes. The optical measurements also involve carrier transport and redistribution in order to establish the forward voltage.
The 5QW sample shows distinctive piezoelectric effects in the red-shifting of the EL with increased bias. It also shows a distinct break in its photovoltage characteristics around 2.4 V which is indicative of relatively reduced radiative recombination above this voltage. One possibility for this change is that the radiative recombination rate is being reduced due to increased field across the wells and a limitation on the radiative recombination through the band-tail states. A second possibility is that part of the measured voltage in the 5QW sample is being dropped across either the finite p/n doping or across each QW/QB pair which is termed QFL loss in reference. 16 This is larger for the hole QFL due to their lower mobility and for QWs on the p-side of the junction. While such the voltage drop should also be present in the 10QW we do not measure strong piezoelectric properties in that sample which could be due to reduced interface charge on the QWs on the p-side of the junction associated with the accumulation of strain in that structure.
V. CONCLUSIONS
We have investigated the effect of a change in the thickness of the QB from 4 nm to 6.6 nm in the active region of InGaN/GaN LEDs when the QW thickness is 1.5 nm. This seemingly small change leads to significant differences in the carrier transport and light emission characteristics of the devices. The differences were compared with a reference LED material which shows different behavior again.
The 10QW sample draws more current at low voltage which we ascribe to trap-assisted tunneling of holes associated with the low-temperature grown barriers and the fact that the barriers themselves are thin. These traps assist in carriers entering the quantum well at low voltages resulting in the ideality >1 for light emission and consistently being the highest among the three samples measured. The thin barriers also assist in the extraction of carriers in photovoltaic mode. The spectral properties are dominated by bandfilling as opposed to piezoelectric effects suggesting the piezoelectric interface charge is less than for the 5QW sample. The 5QW sample with the thicker barriers shows features in the emission spectra that are associated with a strong piezoelectric field in the quantum well suggesting that the interface charge is large in this case. Partial trapping of carriers is measured in forward bias with carriers entering (current injection) and leaving (photovoltaic mode) the QW region. The light-related idealities for the 5QW and 10QW samples are >1 suggesting non-radiative recombination in the QWs and especially for the 10QW sample. The commercial sample has values for n light , n pv and n pl , each being close to ideal suggesting minimal non-radiative recombination. The higher electrical ideality is due to carrier transport external to the QW region at low voltages and due to resistance at higher voltages. An InGaN underlayer is shown to affect the optically pumped measures of the ideality (n pv , n pl ) due to the contribution of additional carriers resulting in extracted idealities even below 1.
